S
ingle-molecule force spectroscopy (SMFS) techniques are increasingly being applied in biology to understand biomolecular interactions and protein dissociation under the application of force. 1À4 Usually employed in nonequilibrium conditions, SMFS offers unique insights into the kinetics of bond dissociation of inter-and intramolecular interactions under applied force, allowing exploration of regions of the underlying free energy landscape that are inaccessible to traditional ensemble methods. 5 In addition to slip bonds (where lifetime of the intermolecular bond decreases exponentially with applied force), first described by Bell, 6 SMFS experiments have revealed that biomolecular complexes have evolved a wide variety of responses to mechanical deformation (e.g., catch, flex, and trip bonds).
7À9
In SMFS experiments, the interactions of binding partners, identified by their dissociation (bond breakage) at a characteristic tipÀsubstrate separation, are measured at many retraction velocities. Fitting forceÀ extension data to appropriate models, such as the worm-like chain (WLC) 10 or freely jointed chain (FJC), 11 that describe the forceÀextension profile of a long, single molecule under stretching inclusive of entropic effects allows the total combined length of tethers and binding partners between the two objects (the contour length (L c )) to be determined. In addition to filtering real events from noise, the L c contains information about the extent of unfolding before unfolding or dissociation if the structure of the protein/ complex is known. 12À14 For more unstructured polypeptides, the length of each polypeptide chain sequestered in the binding interface can be determined. 15, 16 This is achieved by fitting the experimentally obtained contour length distribution with single or multiple normal (Gaussian) distributions 17À22 and comparing the modal value with an estimated value of L c obtained by B summing the individual components that contribute to the tipÀsurface separation at complex rupture ( Figure 1a ). An identity between the experimental and theoretical L c values provides evidence that a specific interaction is being quantified and that the complex is native-like at rupture. By contrast, an experimental value that is greater than the theoretical value is used to indicate that unfolding or remodeling of the complex takes place prior to dissociation. 9, 23 In the latter case the difference between the estimated and measured contour lengths can be used to calculate the length gain in terms of number of amino acids involved in the conformational change and mapped onto the known structure of the protein, revealing which specific interactions unfold prior to dissociation under the application of force.
12À16
Interpretation of observed contour length distributions in this manner relies on presuming that each tethering end is immobilized at, or close to, the points at which the two objects come into closest proximity ( Figure 1a ). The validity of this simplistic approach is thus determined by the manner in which the proteins are immobilized onto the AFM tip and substrate ( Figure 1 ). Generally biomolecules (usually proteins) are covalently immobilized onto the AFM tip and substrate by one of two methods, depending on the type of investigation undertaken. In mechanical unfolding experiments, where a single protein is extended between the tip and AFM substrate, the protein is usually immobilized directly to the mica, 24 glass, 25À27 or gold 28À30 substrate and attached to the tip via nonspecific adsorption. As the latter requires the application of pressure onto the polypeptide by the tip, immobilization presumably occurs close to the apex, and the contour length that is measured (found by fitting of an appropriate model to forceÀdistance curves) is usually close to the end-toend length of the immobilized protein (Figure 1b) , irrespective of differences in pulling geometry. 31 By contrast, in mechanical unbinding experiments, each of the binding partners are immobilized to different surfaces via flexible linkers. This minimizes artifacts, maximizes steric freedom to allow complex formation, and aids identification of rupture events (via their characteristic forceÀextension profiles) from nonspecific unbinding events or noise in the experiment. In these experiments, interpretation of L c is complicated by the presence of the extensible linkers that are attached over the entire AFM tip surface and on the substrate, yielding apparently different L c 's ( Figure 2 ). In addition, as the surface area of the AFM tip increases with increasing distance from its tip, the number of binding sites for attachment of the linker also increases, while the probability of complex formation decreases (as the throughspace end-to-end distance between linker ends is required to increase). This convolution of competing effects produces a distribution of apparent contour lengths that are shorter than the true contour length (L c true ). In order to explore the relationship between the true contour length and the experimentally observed distribution, we have here developed and numerically solved a model that considers the single-molecule linkers and binding partners as a WLC. The effects of linker length, persistence length, and tip angle/curvature are included in the model, and the relationship between linker length, observed modal contour length value (L c mod ), and L c true is determined empirically. The model is then benchmarked against the observed contour length distributions from SMFS AFM unbinding experiments from three very different protein:ligand complexes: the interaction between two native proteins, a protein and a peptide, and an antibody and its antigen. The model provides a useful tool for the analysis of SMFS AFM data, allowing the extraction of accurate length 
RESULTS
Description of Model. As described above, the contour length that is measured in an AFM-based SMFS experiment corresponds to the separation between the two surfaces (tipÀsubstrate separation) when the linkers, tethered by complex formation, are fully extended (Figure 1 ). In the ideal situation, where one immobilization point is located at the apex of the AFM tip and the other directly opposite on the substrate (as in most mechanical unfolding experiments), the observed contour length will be at its maximum and is simply a sum of the length of the components of the tethered complex (L c true ). However, it is possible that binding may occur between partners whose linkers are immobilized at other locations. With the tip geometry considered here (square-based pyramid), the greater the distance from either the tip apex or the location directly beneath the apex to which the linker is immobilized, the greater surface area available for linker attachment and thus protein immobilization. Binding between partners immobilized at these locations results in extension of the complex occurring at a shorter tipÀsubstrate separation. This will result in the observation of an apparent contour length that is smaller than L c true ( Figure 2 ).
To generate theoretical contour length probability distributions accounting for the factors described above, an iterative Monte Carlo procedure was developed. An idealized system was modeled that consists of two tethering surfaces: a flat square substrate surface of length L 1 þ L 2 (where L 1 and L 2 are the end-toend lengths of the linker and protein tethered to each surface), centered below a pyramidal AFM tip with a perfect point and flat sides (an alternative semispherical tip geometry is described in the Supporting Information). Flexible linkers that have complementary binding partners located at one end are immobilized onto these surfaces at their other end. The potential immobilization points of the linkers are modeled as being uniformly distributed over each surface. For each iteration, the immobilization point on the AFM tip was determined by randomly selecting one face and the location on that face. The location of the substratebound linker was again selected randomly. Using these coordinates, the separation between immobilization points for the binding partners is calculated for the case when the AFM tip is in contact with the surface. This separation (R) (Figure 1c ) is then used to calculate the binding probability (π(R B)).
A function that describes π(R B) has been derived by assuming that P(r) is the probability that two ends of a polymer chain, separated by a vector r, is known ( Figure 1c ). Then the probability that two ends of two chains are in contact when the other two ends are separated by a vector R is
where the integral is extended over the whole Cartesian space.
We assume that the linkers behave like worm-like chain. We observe that for a WLC with contour length L and persistence length p the mean square end-toend distance is
and that for a freely jointed chain with N monomers linked by rigid rods of length l (the Kuhn length) it is AER 2 ae = Nl 2 , while the contour length is L = Nl. In the limit L . p and AER 2 ae = 2pL, we can assume that WLC and FJC are equivalent if l = 2p.
In the following we use this equivalence and that a freely jointed chain containing N monomers each of length l has the probability of the chain ends being separated by a distance R as given by
With this, eq 1 above becomes
where
dt (see Supporting
Information for full derivation). Binding probabilities from eq 4 are then binned and summed for corresponding contour lengths where the contour length that would be observed during retraction of the AFM tip is calculated by finding the tip sample separation at full extension of the linkers. This procedure was repeated until the contour length distribution was converged (10 7 to 10 9 times). The model thus contains only three parameters: the tip angle and two parameters that describe the linkers (N and l for linkers A and B assuming, as is common practice, that the same linker type is used for both tip and substrate). Forced unbinding of biomolecular complexes using the AFM typically employs heterobifunctional polyethylene glycol (PEG) linkers comprising distinct reactive groups at their termini separated by a defined number of ethylene glycol repeats. 32, 33 Previous studies, analyzing single-molecule forceÀextension profiles, have shown that both unstructured polypeptide chains and PEG possess similar persistence lengths, 34, 35 which are usually fixed to 0.4 nm for fitting to data. 36 The resulting contour lengthÀfrequency distribution for this model using a tip angle of 60°, a persistence length The generated distribution is asymmetric about the modal contour length (L c mod = 47 nm) with a "tail" toward the lower contour length side of the distribution. Importantly, L c true does not correspond to the modal value, as normally assumed, but is the highest observable contour length. In this example the difference between these values (L c diff ) is 3 nm (equivalent to ∼8 amino-acid residues), but is strongly dependent on total linker length (see below).
For the model to be a useful experimental tool it is necessary to understand how experimental variables modify the shape and position of the distribution of L c values. Figure 3b ,c,d reveal the effect of linker length, persistence length, and AFM tip angle, respectively, on the contour length distributions obtained. In Figure 3b the numbers of monomers (N A and N B ) were selected to give total combined linker lengths of 10 nm (red), 50 nm (black), 100 nm (green), or 200 nm (blue) while keeping the persistence length (0.4 nm) and tip angle (60°) constant. Expectedly, longer-length linkers give rise to the observation of longer contour lengths. Also, as the total linker length is increased, there is an increase in the width of the generated distributions and an increase in L c diff (1.3, 2.6, 3.8, and 4.8 nm for linker lengths of 10, 50, 100, and 200 nm). This observation is important, as the linker length (but not the chemical nature of the linker) is often varied experimentally to optimize the position of the unbinding events of interest in a forceÀextension profile. The persistence length was found to have the greatest effect on the position and width of the contour length distribution. Figure 3c shows the effect of increasing the persistence lengths for both linkers from 0.1 nm (red distribution) to 0.4 nm (black), 1.2 nm (green), and 5 nm (blue), while the AFM tip angle and total combined linker length were held constant (60°and 50 nm, respectively). Comparison of these generated distributions shows that, for linkers consisting of monomers with a longer persistence length, broader contour length distributions are predicted with a corresponding decrease in L c mod . This results from the fact that the longer the persistence length, the smaller the number of WLC segments constituting a given length of polymer chain. This is akin to a random walk where the size of the step has increased and the number of steps has decreased, giving rise to a larger average journey length or amount of space explored, which are directly proportional to step size (persistence length) and the square root of the number of steps (number of 35, 37, 38 ). The effect of AFM tip angle was also investigated, as the aspect ratio of AFM tips varies depending on the type of cantilever and manufacturer. Figure 3d shows three example distributions where the tip angle was varied between 5°and 160°while maintaining the persistence length and total linker length at 0.4 and 50 nm, respectively. No clear difference in the generated distributions is observed when varying the AFM tip angle. This arises because there is a linear relationship between the distance along the AFM tip away from its apex and the surface area available for linker attachment. If the shape of the tip is changed to a geometry different from that of a perfect pyramid, this may no longer be the case (see Supporting Information for a description of the semispherical tip). (Figure 4c ). 43 For E9:Im9 and Tol B:TBE each partner was immobilized to the AFM tip and substrate by a standard surface derivitization protocol (Methods) 9 using NHS-(PEG) n -maleimide linkers (succinimidyl-[N-maleimidopropionamido]-(ethylene glycol) n ester, n = 12, 24, 70 ( 7, and 265 ( 27) . To study the B1-8 F ab :NIP interaction, B1-8 F ab was immobilized directly onto the derivatized surface after activation by EDC/sulfo-NHS (Methods). Nitrophenylhexamine was immobilized onto a mercapto-derivatized surface via the amino moiety using the same linkers described for E9:Im9 and TolB:TBE. To obviate biased contour length selection, all bond rupture events (i.e., those due to real single and multiple events and those due to nonspecific interactions) in all forceÀextension profiles were analyzed by extraction of an unbinding force and an L c obtained by fitting a WLC (persistence length fixed at 0.4 nm). Example forceÀextension profiles showing nonspecific and specific rupture events observed for TolB:TBE are shown in Figure 5a and b, respectively. These data were then used to generate L c frequency histograms (Figure 5c ,d,e,f) and forceÀL c contour plots (inset in Figure 5c ,d,e,f). These data and their comparison to controls measured in the presence of an excess of one binding partner in solution (Supplementary Figure S2) demonstrate that specific interactions can be detected readily above a background of nonspecific events. Figure 5d) , the data reveal a single specific unbinding event (at approximately 200 nm and 40 pN) and a series of nonspecific events at shorter extensions over a range of forces. Once more, excellent agreement is observed between experimental and simulated distributions for the specific unbinding events, but both are significantly wider than that observed for E9:Im9 (approximately 9 and 40 nm for the simulated E9:Im9 and TolB:TBE interactions, respectively). This broadening is due to increased linker length (see Figure 3 ) and the polydispersity of the linkers (accounted for in the model, see Supporting Information). Similar to E9:Im9 the L c mod values obtained by simulation and experiment are 200 and 197 nm, respectively, suggesting the complex is nativelike at dissociation. As a final test of the model, we characterized the forced dissociation of an antigen (NIP) from an F ab fragment of an antibody (B1-8). 43 The antigen was immobilized via a short monodisperse PEG linker (24 units) or a longer PEG linker (70 units) with 10% dispersity (Figures 5e and f, respectively) . No linkers were used for B1-8 F ab , which was immobilized to an APTES-treated substrate via EDC activation of solventexposed carboxylate groups and converted to an aminereactive species by inclusion of sulfo-NHS (Methods). In this case a poorer correlation between simulated and experimental data for longer lengths was observed (simulated versus experimental L c mod are 17 and 16 nm and 35 and 30 nm for short and long linkers, respectively, in Figure 5e and f). As no structure of this complex is available, the distance between linker attachment positions was estimated to be 7 nm (from the C-terminal carboxyl group of the heavy chain to the center of the complementarity-determining region) using the highresolution structure of an arbitrary F ab :antigen complex. 44 In this case, as B1-8 F ab :NIP can be assumed to be nativelike upon rupture (see discussion in ref 9), the disparity either poor structural homology between the experimental and reference F ab :antigen complex, the presence of other immobilization sites in addition to the C-terminus, or both. Additionally, the experimental and simulated distributions are significantly wider than that found for E9:Im9 and TolB:TBE. When the complex is immobilized by shorter linkers, broadening is due to the heterogeneity in L c introduced by the availability of many potential immobilization points on B1-8 F ab (acidic side-chains and the C-terminus). Nonspecific immobilization of B1-8 F ab is also probably the major factor for the simulated L c mod value being greater than the observed value, as the C-terminus of the heavy chain is more distal to the antigen binding than all other potential immobilization sites. The use of longer linkers of less defined length (Figure 5f ) further broadens the contour length distribution as described for the TolB:TBE complex above. Comparison of experimental and simulated L c distributions thus reveals greater L c heterogeneity and a less specific immobilization strategy used for B1-8 F ab :NIP, demonstrating the power of the model to highlight subtle effects. The three biomolecular complexes that have been studied are diverse in terms of the type of interaction involved in complex stabilization, the molecular weight of the complexes, surface area of interaction, and the immobilization method. The ability of a simple model to accurately predict the experimental contour length distributions of these diverse systems suggests that it accurately captures the key determinants of contour length and shows that the presence of a dynamic ensemble of linker end-to-end lengths plays an important role in sculpting the distribution of contour lengths observed. While these data show that the actual L c of the complex and scaffold is always larger than the often cited L c mod , the latter value is more straightforward to measure for often nonideal experimentally derived distributions. To obviate this problem, the model was used to calculate L c diff as a function of linker length using a tip angle of 60°and persistence lengths of 0.1, 0.4, and 1.2 nm. Figure 6 shows this relationship and demonstrates that for longer linkers, L c diff is relatively large.
CONCLUSION
Measured contour length values from SMFS AFMbased experiments are generally used to confirm that a specific interaction of interest is being measured and to infer low-resolution information on the interaction surface and/or unbinding pathway. For both of these applications it is necessary to extract accurate L c true values. When filtering data, an event is typically accepted when the observed contour length falls close to an expected contour length. The range of contour lengths that are often reported as corresponding to the same specific interaction can, however, be as large as 100 nm in some cases. 17, 45 In the work presented here a model has been derived that establishes a physical basis for predicting L c values and their distribution from AFM-based SMFS experiments. By considering the geometry of two idealized tethering surfaces and the probability of two idealized chains meeting, the model is able to predict contour length distributions from AFM-based SMFS pulling experiments. Often the distribution of measured contour lengths is not shown or discussed when SMFS data are presented in the literature. For those cases where they are presented and where a similar linker chemistry to that used in the experiments discussed above is employed, it is possible to simulate contour length distributions for comparison with the presented distributions. In a number of cases good agreement with the model discussed in this work is observed. 20, 46, 47 In the case of refs 20
and 47 a single peak in the observed contour length distribution is present in the same location and with the same approximate width as that generated using the model. This is also true in the case of ref 46 , where, in addition, the shape of the presented distribution shows a similar asymmetry to modeled distributions.
As the model allows the precise shape and width of the contour length distribution to be predicted, analysis and interpretation of contour length distributions become feasible. For example, the derived model could be used to set limits on a range of contour lengths that correspond to a specific unbinding event and hence allow the identification of multiple specific unbinding events within a single contour length distribution. Currently, identification of multiple, distinct events from a single contour length distribution is not performed in accordance with any physical model. As such, the interpretation that individual events correspond to a specific interaction (such as those identified in refs 17, 21, and 48) could be disputed. The model presented here provides justification for such interpretations of contour length distributions. Further to this, deviations of experimental data from modeled contour length distribution to length values higher than those predicted from the model should be observed. As such, the model allows detection and quantification of any protein unfolding prior to unbinding to be measured and interpreted accurately in terms of the number of amino-acid residues involved. Additionally, the sensitivity of the contour length distributions to the persistence length of the tether in this model may provide a method to quantify this parameter. Overall, therefore, the model derived in this work provides the experimentalist with a means of interpreting contour length distributions for unbinding events from AFM-based SMFS measurements within a physical framework. For a particular pair of singlemolecule linkers (with associated length and persistence length) the model is able to generate an ideal contour length distribution. Comparison of this with experimentally determined contour length distributions allows individual and distinct events to be extracted from an ensemble and the nature of these events (i.e., number of amino acids involved) to be elucidated.
METHODS
Proteins. E9:Im9. Colicin E9 and its immunity protein (Im9) were provided purified and immobilized as described previously. 9 Briefly, both proteins are pseudo-wild-type variants containing a single solvent-exposed cysteine residue (S3C for E9 and S81C for Im9) to allow immobilization to an aminederivatized surface via a maleimide/NHS succinimidyl heterobifunctional polyethylene glycol linker.
TolB:Tol B Binding Epitope. The pseudo-wild-type variant of TolB containing a hexahistidine tag and a single solventexposed cysteine (S299C) for immobilization as described for E9:Im9 above was provided purified as described previously. 49 TBE peptide with the addition of a C-terminal cysteine residue (GASDGSGWSSENNPWGGGSGSGC) was obtained from a commercial source (Peptide Synthetics).
B1-8 Fab:Nitrophenol. B1-8 Fab was provided purified as described previously. 43 AFM Measurements. SMFS measurements were performed on an Asylum 3D AFM using functionalized MLCT cantilevers (Bruker) whose spring constants were determined using the thermal method. 50, 51 All SMFS measurements were obtained at a retraction velocity of 1 μm s
À1
, and data were collected at a rate of 20 kHz. Total retraction distance was set to be three times greater than the expected L c true value for the particular interaction under investigation. For each complex, forced unbinding experiments were performed in the respective reaction buffer described below.
Surface Functionalization. Silicon substrates and silicon nitride AFM tips were first cleaned using piranha solution (3:1 sulfuric acid to 30% hydrogen peroxide) followed by irradiation under UV (254 nm) for 30 min. These surfaces were then held under vacuum in the presence of 20 μL of N,N-diisopropylethylamine (DIPEA) and 80 μL of (3-aminopropyl)triethoxysilane (APTES) (for all functionalizations except NIP) or 20 μL of DIPEA and 80 μL of (3-mercaptopropyl)trimethoxysilane (MPTES) (for NIP functionalization) for a period of 2 h. Following this, the chemicals were removed and the surfaces were left to cure for 24 h under a nitrogen atmosphere.
For E9:Im9 and TolB:TBE SMFS experiments, the APTEStreated surfaces were reacted with a heterobifunctional PEG linker (NHS-(PEG)-maleimide) (linkers containing 12 or 24 PEG domains were obtained from Pierce, and longer linkers with average M w = 3.4 or 12 kDa were obtained from Nanocs) by incubating the surfaces in 1 mL of chloroform containing 15 μL of 250 mM PEG linkers in DMSO for 1 h. The surfaces were then washed with chloroform and dried under nitrogen. Reaction of these linker-functionalized surfaces to the relevant protein/ peptide was performed under aqueous reaction buffer (phosphate-buffered saline (PBS) for E9:Im9 and 50 mM HEPES, 50 mM NaCl, 5 mM CaCl 2 for TolB:TBE) by incubating the surface with the protein/peptide at a concentration of 1 mg mL À1 for 30 min, followed by washing with reaction buffer.
For B1-8 F ab :NIP SMFS experiments, NIP was immobilized by first reacting the MPTES-treated surfaces with NHS-(PEG)-maleimide in the same manner as APTES-treated surfaces described above. NIP-hexamine (Biosearch Technologies) in PBS at 1 mg mL À1 was then incubated with the linkerfunctionalized surface for 30 min. The B1-8 F ab was attached directly to the surface by first converting surface-exposed carboxyl groups (C-termini and acidic side-chains) to an amine-reactive ester by reaction with EDC/Sulfo-NHS. Then 0.2 mg of EDC and 0.6 mg of sulfo-NHS were added to 0.5 mL of 1 mg mL À1 B1-8 F ab in 0.1 M MES and 0.5 M NaCl at pH 6.0 for 15 min. Then 0.7 μL of 2-mercaptoethanol was added to quench the EDC. The amine-reactive B1-8 F ab was then exchanged into reaction buffer (PBS) and incubated with an APTES-treated surface for 30 min at room temperature.
These functionalized substrates and AFM probes were then used to perform the SMFS experiments described.
